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We propose and evaluate the graphene layer (GL) infrared photodetectors (GLIPs) based on the
van der Waals (vdW) heterostructures with the radiation absorbing GLs. The operation of the
GLIPs is associated with the electron photoexcitation from the GL valence band to the continuum
states above the inter-GL barriers (either via tunneling or direct transitions to the continuum
states). Using the developed device model, we calculate the photodetector characteristics as
functions of the GL-vdW heterostructure parameters. We show that due to a relatively large
efficiency of the electron photoexcitation and low capture efficiency of the electrons propagating
over the barriers in the inter-GL layers, GLIPs should exhibit the elevated photoelectric gain and
detector responsivity as well as relatively high detectivity. The possibility of high-speed operation,
high conductivity, transparency of the GLIP contact layers, and the sensitivity to normally incident
IR radiation provides additional potential advantages in comparison with other IR photodetectors.
In particular, the proposed GLIPs can compete with unitravelling-carrier photodetectors.
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I. INTRODUCTION
Successful development of the van der Waals (vdW)
heterostructures [1] based on stacking of two-dimensional
(2D) crystals and graphene layers (GLs) promises a sig-
nificant progress in infrared (IR) and terahertz (THz)
optoelectronics [2, 3]. The unique properties of GLs pro-
vide an opportunity to create new effective photodetec-
tors operating in a wide range of photon energies [4–13].
Supplementing their design by the band structure engi-
neering using 2D-materials for the barrier layers opens
up new prospects in further enhancement of the detector
performance. Recently, new IR and THz detectors using
GL-vdW heterostructures were proposed and evaluated:
(i) THz photodetectors based on a double-GL structure,
in which the intraband inter-GL resonant transitions are
assisted by IR or THz photons [14]. The resonant na-
ture of such transitions, in which the electron momen-
tum is conserved [15–19], promotes their elevated proba-
bility and, hence, the elevated quantum efficiency. These
photodetectors require inclined radiation incidence or a
radiation coupler (grating structure);
(ii) THz and IR photodetectors based on the GL-
vdW heterostructures using the photon-assisted inter-
band transitions between the neighboring GLs [20];
(iii) THz detectors based on the GL-vdW heterostruc-
tures operating as hot-electron bolometers using the ef-
fect of the emission from GLs of the electrons, heated by
the THz radiation, due to the intraband (Drude) absorp-
tions in GLs [21].
In this paper, we propose and evaluate the IR photode-
tectors based on the GL-vdW heterostructures with dif-
ferent numbers of the active undoped GLs placed between
the emitter and collector and separated by the inter-GL
barriers (GLIPs). These photodetectors are using the in-
terband photoexcitation of the electrons in GLs from the
valence band states to the exited states slightly below or
higher than the barrier edge. The photoexcited electrons
transfer (by tunneling through the barrier top or directly)
to the continuum states above the barrier and propagate
through the barrier layers. The GL-vdW double-GL pho-
toconductive device with the emitter and collector GLs
separated by the barrier and using a similar mechanism
was recently proposed [22] fabricated and measured [23].
However, as we demonstrate below, the insertion of the
2V
n - d o p e d
G L s
T u n n e l i n g  ( t h i n )
b a r r i e r  l a y e r s
Wh
( T H z )
V
S u b s t r a t e
n - d o p e d
G L s
B a r r i e r  l a y e r s
Wh
( T H z )
D r u d e
a b s o r p t i o n Wh
( I R )
n - t y p e
e m i t t e r
G L
Wh
Wh
n - t y p e
e m i t t e r
G L
n - t y p e
c o l l e c t o r  G L
n - t y p e
c o l l e c t o r  G L
V
S u b s t r a t e
U n d o p e d
G L s
B a r r i e r  l a y e r s
n -  o r
p - t y p e
e m i t t e r
G L
Wh
n -  o r  p - t y p e
c o l l e c t o r  G L
( a ) ( b ) ( c )
FIG. 1: Schematic view of the GLIPs based on GL-vdW heterostructures (upper panels) with (a) interband tunneling inter-
GL bound-to-bound tunneling transitions (narrow barrier layers) [20], (b) the thermionic emission from GLs of the electrons
heated by THz radiation due to intraband (Drude) absorption [21] and (c) interband bound-to-continuum tunneling-assisted
transitions of the photoexcited electrons considered in this work. Lower panels show the band diagrams fragments in which
the pertinent radiative processes with the photon absorption (wavy arrows) as well as the escape and capture processes (fine
solid and dashed arrows) are indicated.
inner GLs, which provides the extra electron photoemis-
sion and capture, can lead to a dramatic increase in the
GLIP responsivity. This is due to the photocurrent gain
associated with the redistribution of the electric field in
the heterostructure and leading to amplification of the
electron injection from the emitter. Thus the GLIPs in
some sense resemble quantum-well infrared photodetec-
tors (QWIPs) typically using III-V materials and exten-
sively studied, fabricated, and used in applications dur-
ing two decades [24–27]. Such a similarity is due to the
propagation of the photoexcited electrons over the barri-
ers with their fraction being captured back to the bound
states (in GLs and QWs, respectively). A relatively low
capture probability results in the elevated values of the
detector responsivity. Apart from this, in both GLIPs
and QWIPs the detector detectivity increases with an in-
creasing number of GLs and QWs (see, for example, [24]).
The main difference between the GLIPs and QWIPs is
in the use of the interband (in GLIPs) and intraband (in
QWIPs) transitions. This allows eliminating the grating
structures required in the n-QWIPs for radiation cou-
pling. In realistic GLIPs with a relatively large conduc-
tion band off-set, the proper electron photoexcitation re-
quires higher photon energies ~Ω than in QWIPs. This
implies that the GLIPs might generally operate at shorter
radiation wavelengths than the QWIPs. However, modi-
fying the shape of the barriers by doping of the inter-GL
layers, one can achieve an effective electron photoescape
at fairly low photon energies (in far-IR range). As shown
in [28, 29], the probability of the electron capture into
the GLs can be much smaller than that for the QWs (see,
for example, [30]) since doping of the QWs in the QWIPs
leads to the inclusion of the electron-electron scattering
mechanism of the capture. Smaller capture efficiency
is beneficial for a higher detector responsivity [30] (see
also, [24–27]).
The absence of the GL doping promotes lower electron
emission of the thermalized electrons than that in the
doped QWs and, hence, leads to a smaller dark current.
Finally, the probability of the electron photoexcitation
from the GLs is substantially higher than from the QWs.
These GLIP features (the sensitivity to the normally in-
cident radiation and higher photoexcitation and lower
capture probabilities) provide potential advantages of the
GLIPs over the QWIPs and some other photodetectors.
The photodetectors based on GL-vdW heterostructures
with the tunneling transparent inter-GL barrier layers
considered recently [20] and the GLIPs with relatively
thick layers studied in the present paper are analogous.
However their operation principles are quite different:
the photo-stimulated cascade tunneling between GLs in
[20] and the photoexcitation of electrons to the contin-
uum states and propagation in GLIPs. In the latter de-
vice, only a small fraction of the propagating electrons
can be captured to the GLs. Such a distinction results in
different spectral properties and other detector character-
istics. In particular, in the GLIPs under consideration,
the photoexcitation probability can be much larger than
the probability of the inter-GL photo-stimulated trans-
fer. This is due to the diminished wave function over-
lap in the neighboring GLs [20]. Apart from this, the
GLIPs considered here and the hot-electron GLIPs us-
3ing the bolometric mechanism [21] are characterized by
a rather low capture probability of electrons in the con-
tinuum states [28, 29]. This promotes high values of the
detector responsivity [30, 31] This is in contrast with the
detection mechanism associated with the cascade inter-
GL photo-stimulated tunneling. The spectral ranges of
the photodetectors using the inter-GL photo-stimulated
cascade transfer 20 and the electron heating [21] from one
side and the spectral range of the GLIP operation can be
essentially different. One important feature of the GLIPs
is that their operation do not require the mutual align-
ment of the GLs.
Various device models used for studies of the vertical
electron transport in QWs (and GLs) introduce the con-
cept of an ”ideal” emitter (which provides as many in-
jected electrons as the bulk of the structure ”requires”).
In the framework of this concept, the electric-field dis-
tributions are assumed to be uniform. A more accurate
consideration of the transport phenomena in such struc-
tures (including GLIPs) in the dark conditions and under
irradiation accounts for the self-consistent electric field
distributions and the nonideality of the emitter [32–38].
This paper uses this more accurate approach.
The paper is organized as follows. In Section 2, we
describe the possible GLIP device structures and the
GLIP operation principle. Section 3 deals with the device
mathematical model. The latter includes the equation
for the self-consistent electric potential and the equations
governing the electron balance in the GLs. In the latter
equation, the electron capture into the GLs is described
phenomenologically invoking the concept of the capture
parameter [30] (see, also, [26–30]. In Section 4, we derive
the dark current in the GLIPs as a function of the struc-
tural parameters and the applied voltage using the model
described in Sec. 3. In Section 5, we calculate the pho-
tocurrent (the variation of the current under the incident
radiation). The expressions obtained in Sections 4 and
5 are then used in Sec. 6 for the derivation of the GLIP
detector responsivity, photoelectric gain, and detectivity.
In Section 6, we compare the GLIPs with some other IR
photodetectors. In the Conclusion section, we draw the
main results of the paper. In the Appendix, we discuss
some simplifications of the main model.
II. DEVICE STRUCTURE AND OPERATION
PRINCIPLE
We consider the GLIPs based on the GL heterostruc-
ture which consists of the N inner GLs clad between
the M = N + 1 barrier layers with the top and bottom
contact GLs. The conduction band offsets between the
emitter GL and the barrier layer, ∆E , as well as between
the inner GLs and the barrier layers between them, ∆,
are smaller than the pertinent offsets in the valence band.
Generally, the materials of the emitter barrier layer and
of other barrier layers can be different, so that ∆E 6= ∆.
The top and bottom GLs are assumed to be doped to
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FIG. 2: Band diagrams of a GLIP under consideration (a)
in dark and (b) under strong irradiation. Bold arrows indi-
cate the tunneling injection of thermalized and photoexcited
electrons from the GLs and their propagation in the contin-
uum states above the barriers, wavy arrows show the elec-
tron interband intra-GL photoexcitation with the generation
of electron-hole pairs followed by the electron tunneling es-
cape from the GLs, dashed arrows correspond to the electron
capture from the continuum states into the GLs .
provide their sufficiently high lateral conductivity. These
extreme GLs serve as the tunneling emitter (injecting
electrons into the GL-heterostructure bulk) and the col-
lector, respectively. The top and bottom GLs are sup-
plied with contacts between which the bias voltage V
is applied. We consider the GL heterostructures with
either the n-type or p-type doping of both the emitter
and collector GLs and undoped inner GLs and the bar-
rier layers, i.e., the heterostructures with different types
of the emitter and collector can also be treated in the
framework of our model. The applied voltage in such het-
erostructures, stimulates the electron tunneling through
the barriers with triangular tops. The thermalized elec-
trons tunneling from the GLs and the electrons excited
by the incident IR radiation propagate over the barriers.
Figures 1(a) and 1(b) show schematically the GLIPs
based on GL-vdW heterostructures considered in [20, 21]
and their band diagrams. Figure 1(c) corresponds to
the GLIPs with the bound-to-continuum tunneling and
photon-assisted transitions considered in the present
work.
Figure 2 shows the band diagrams of the GLIP (with
the structure of figure 1(c)) using the interband intra-
GL photoexcitation with the sequential tunneling of the
photoexcited electrons (a) in dark conditions and (b) un-
der the strong IR irradiation at the sufficiently high bias
voltage (V > T/e, where e = |e| is the electron charge
and T is the temperature in the energy units).
The applied voltage induces the extra carriers of the
opposite signs and changes the electron Fermi energies in
the emitter and collector GLs. The electron Fermi ener-
gies, εF,E and εF,C , in these GLs (at their equal doping)
are different: εF,E = εF +∆εF,E and εF,C = εF +∆εF,C
Here εF ≃ ±~ vW
√
πΣ0 is the Fermi energy in the ex-
treme GLs at their donor (upper sign for the n-type con-
4tact GLs) or acceptor (for the p-type contact GLs) den-
sity equal to Σ0, ~ is the Planck constant, vW ≃ 108 cm/s
is the electron and hole velocity in GLs, and ∆εF,E and
∆εC,F . Hence, the bias voltage can to some extent affect
the emitter injection characteristics decreasing the elec-
tron activation energy in the emitter ∆E − εF (see the
Appendix).
To enhance the electron collection by the collector, the
bottom GL can be replaced by a doped multiple-GL or by
a thick wider band-gap doped collector region. In princi-
ple, the GLIPs with the n-type emitters can be supplied
with p-type collectors and vice versa.
The operation of the GLIPs with the device struc-
ture and the band diagrams corresponding to figures 1(c)
and 2 considered below is associated with the follow-
ing. The incoming IR photons generate the electron-hole
pairs (due to the photon absorption and the vertical in-
terband transitions) in each GL. Depending on the ra-
tio [(~Ω/2−∆)/∆], the photogenerated electrons appear
in the continuum states above the barriers directly (if
~Ω > 2∆) or via the intermediate excited state with the
energy ε = ~Ω/2 with respect to the Dirac point follow-
ing the electron tunneling through the triangular barrier
top [39] [see figure 2(b)]. Upon the photoexcitation to the
states over the barriers, the electrons propagate toward
the collector. During the electron transport over the bar-
rier, a fraction of the propagating electrons is captured
into the GLs.
Since we consider devices with the barriers, in which
the conduction band off-set ∆ and the quantity ~Ω/2
are smaller than the valence band off-set, the escape of
the photogenerated holes from the GLs can be neglected.
The GLIP barriers in the devices under consideration can
be made of the van der Waals structures with the InSe,
WS2, and other barrier layer materials [1, 2, 16, 39].
III. EQUATIONS OF THE MODEL
The Poisson equation governing the electric potential
distribution ϕ = ϕ(z) in the direction perpendicular to
the GL plane (the z−direction) and the equations govern-
ing the electron balance in each GL at the steady-state
irradiation are presented in the following form:
d2ϕ
dz2
=
4π e
κ
N∑
n=1
(Σen − Σhn) · δ(z − nd), (1)
jpn
e
= Gn + β θnI. (2)
Here Σen and Σ
h
n are the 2D densities of electrons and
holes in the inner GLs with the index n = 1, 2, ..., N
(n = 0 and n = N + 1 = M corresponding to the emit-
ter and collector GLs, respectively), j is the density of
the electron current across GLs, pn is the capture ef-
ficiency for the electrons crossing the n−GL [25–28],
Gn and β θnIn are the rates of the tunneling emission
of the thermalized electrons and the tunneling emission
of the electrons photoexcited (photogenerated) from the
GL valence band in the n−th GL, β = πα/√ǫ is the
probability of the interband photon absorption in GLs,
(α = e2/~ c ≃ 1/137 is the fine structure constant, where
c is the speed of light in vacuum and
√
ǫ is the barrier
material refraction index), θn is the probability of the
photoexcited electrons tunneling escape from the n−th
GL to the continuum states above the inter-GL barriers,
I is the IR radiation intensity (photon flux inside the
heterostructure), d and κ are the thickness of the inter-
GL barrier layer and its dielectric constant, respectively,
and δ(z) is the Dirac delta function (which reflects nar-
row localization of the electron and hole charges in the
GLs), In contrast to QWIPs using the intraband tran-
sitions, the photoexcitation rate in GLIPs is virtually
independent of Σen. Both thermalized electron tunnel-
ing rate Gn and the escape probability of the photoex-
cited electrons θn from the n-th GL (and, hence, the
photoemission rate) can markedly, namely, exponentially
increase with the electric field in the barrier under this
GL En+1 = (dϕ/dz)|nd≤z≤(n+1)d. The escape probabil-
ity of the photoexcited electrons is also determined by the
effective energy of the photoexcited electron ε = ~Ω/2.
Although the parameter pn characterizing the capture
into the n-th GL depends, to some extent, on the local
electric field, this dependence is much weaker than the
field-dependence of the tunneling from the GLs. In real-
ity, pn is most likely to be a functional of the electric-field
spatial distribution [26, 27, 36]. This is particularly true
if the energy relaxation length lε is larger or comparable
with the heterostructure thickness Nd. The dependence
pn = p versus V is smoothly decreasing with V (see,
the previous calculations [26]). Hence, in the simplest
approach can be presented as a function of the average
field (in fact, of the bias voltage) as assumed in the fol-
lowing. In line with this, we set pn = p, where p is a
function of V .
The tunneling rates of the thermalized and photoex-
cited electrons (neglecting the intraband Drude absorp-
tion in the emitter GL due to relatively high energies of
IR photons) can be presented as
Gn =
j0
e
exp
(
−Etunn
En+1
)
, (3)
θn =
(1− β)n
1 +
τesc
τrelax
exp
(
η3/2 Etunn
En+1
) . (4)
Here Etunn = 4
√
2m∆3/2/3e~ is the field characterizing
the tunneling through the triangular barrier top [40, 41]
(see also [22, 23]), m is the electron mass in the barrier
material, j0 is the maximum current density which can
be extracted from an undoped GL (εF = 0) at a given
temperature, τesc is the try-to-escape time, τrelax is the
5characteristic time of the photoexcited electrons energy
relaxation, and η = [(∆ − ~Ω/2)/∆] if ~Ω/2 < ∆ and
η = 0 if ~Ω/2 ≥ ∆. The factor η accounts for the dif-
ference in the tunneling transparency of the thermalized
and photoexcited (with the energy ~Ω/2) electrons. As-
suming ∆ = 0.4 eV and m = 0.28m0 (m0 is the free
electron mass), we obtain Etunn ≃ 910 V/µm.
At τesc ≪ τrelax, the right-hand side of equation (3)
corresponds to θn ≃ 1 (i.e., the majority of the pho-
togenerated electrons leaves the GLs. In the opposite
case τesc > τrelax, wn ≃ τrelax
τesc
exp
(
−η
3/2Etunn
En+1
)
. The
energy relaxation of photoexcited electrons in the GL-
structures under consideration can be associated with (i)
the emission of optical phonons with the transition of
an electron to a low energy state in the GL conduction
band (at ~Ω/2 > ~ω0, where ~ω0 ∼ 0.2 eV is the optical
phonon energy), (ii) the electron recombination assisted
by the emission of optical phonon (when ~Ω/2 > ~ω0,
and (iii) the collisions of the photoexcited electrons with
the thermal electrons and holes (in a wide range of IR
photon energies ~Ω. According to the above, one can set
1
τrelax
≃ 1
τ0
+
1
τee
. (5)
Here τ0 is the time of spontaneous optical phonon emis-
sion in GLs and τee is the time of the photoexcited elec-
trons relaxation on the thermalized electrons (and holes)
in the GLs. The latter is much shorter in both undoped
and doped GLs (see, for example, [40]). In the follow-
ing we assume that τrelax ≃ τee considering only the
mechanism (iii). Since τee depends on the electron den-
sity, we distinguish τrelax,E in the emitter GL and τrelax
in the inner GLs. As demonstrated in the Appendix,
τrelax,E > τrelax. Although the ratio τesc/τrelax can be
estimated for the heterostructures with different barrier
layers, we will mainly considered is as a phenomenologi-
cal parameter.
In equation (3), we have neglected the thermionic emis-
sion from the GLs. The pertinent contribution is propor-
tional to the factor exp(−∆/T ). The latter is assumed
to be small compared with the factor exp(−Etunn/En+1)
in equation (3) at the actual values of the electric field in
the barriers and T = 300 K and lower.
Equation (1) is supplemented by the following bound-
ary conditions:
ϕ|z=0 = 0, ϕ|z=(N+1)d = V,
N+1∑
n=1
En =
V
d
. (6)
The current density j is equal to the density of the
current injected from the emitter GL through a pertinent
barrier. Considering both the injection of the thermal-
ized electrons from the doped emitter GL and the escape
of the electrons photoexcited in this GL, one can use the
following formula relating this current density and the
electric field E1:
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FIG. 3: Dark current-voltage characteristics jdark/Jmax ver-
sus U = V/(N + 1)dEtunn of GLIPs with (a)different N for
∆ = 0.4 eV and p = 0.01, (b)different N for ∆ = 0.4 eV and
p = 0.02,, and (c) different ∆ at N = 1 and p = 0.02.
j = j0K exp
(
−γ
3/2Etunn
E1
)
+
eβ I
1 +
τesc
τrelax,E
exp
(
η3/2 Etunn
E1
) . (7)
Here γ = [(∆ − µE)/∆] is the work function from the
emitter to the barrier layer normalized by the conduc-
tion band offset. The factor K ≥ 1 is associated with an
increase of the thermalized electron density by the elec-
tric field in the emitter barrier layer E1 in the GLIPs with
the -type emitter layer (see the Appendix). One needs to
stress that the value of γ in the GLIPs with the emitter
GL of p-type is larger whereas K is smaller (K < 1) then
those for the GLIPs with the n-type emitter GL (due to
different signs of the Fermi energy counted with respect
to the Dirac point) .
IV. DARK CURRENT CHARACTERISTICS
In the absence of irradiation (I0 = 0), the current
across the GLIP constitutes the dark current, so that
j = jdark. As follows from equations (2), (3), and (7),the
electric fields in the barriers are the following functions
of the dark current density:
E
(dark)
1 =
γ3/2Etunn
ln(j0K/jdark)
= E
(dark)
E (8)
6in the near emitter barrier (n = 1), and
E(dark)n =
Etunn
ln(j0/jdarkp)
= E
(dark)
B (9)
in other barriers (n = 2, ..., N + 1). Taking into account
conditions (6) and using equations (8) and (9), we obtain
V
dEtunn
=
γ3/2
ln(j0K/jdark)
+
N
ln(j0/jdarkp)
. (10)
Equation (10) yields the following expression for the dark
current-voltage characteristics
jdark = Jmax exp
{
−dEtunn
2V
[(
γ3/2 +N +
V ln Kp
dEtunn
)
+
√(
γ3/2 +N +
V ln Kp
dEtunn
)2
− 4γ
3/2V ln Kp
dEtunn
]}
,(11)
where Jmax = j0K.
From equation (11) we obtain
jdark ≃ Jmax
Γ
exp
[
− (γ
3/2 +N)dEtunn
V
]
. (12)
Here the quantity
Γ = (Kp) exp
[
− γ
3/2 lnKp
(γ3/2 +N + V lnKp/dEtunn)
]
(13)
changes from Γ ≃ (Kp)N/(γ3/2+N) if V ≪ (γ3/2 +
N)dEtunn to Γ ≃ Kp at V ≫ (γ3/2 +N)dEtunn. Hence
Γ is rather smooth function of V .
Consequently, at moderate voltages V ≪ (γ3/2 +
N)dEtunn, corresponding to the most practically inter-
esting conditions when the dark current is small,
EdarkE ≃
γ3/2V
(γ3/2 +N)d
[
1− NV lnKp
(γ3/2 +N)2dEtunn
]
≃ γ
3/2V
(γ3/2 +N)d
, (14)
EdarkB =
V
(γ3/2 +N)d
[
1 +
γ3/2V lnKp
(γ3/2 +N)2dEtunn
]
≃ V
(γ3/2 +N)d
. (15)
It is instructive that, according to equation (12),
jdark being proportional to p
−N/(γ3/2+N) strongly in-
creases with decreasing capture efficiency p, particularly
if γ3/2 ≪ N (i.e., at N > 1. This implies that at suffi-
ciently small p when pN < 1, the net dark current can
exceed the current of the tunneling thermalized electrons
(which is approximately proportional to the number of
inner GLs N), i.e., the main component of the dark cur-
rent is associated with the current injected from the emit-
ter controlled by the tunneling from the internal GLs
being, certainly, smaller than Jmax. Another feature of
the GLIP current-voltage characteristics and the electric-
field spatial distributions given by equations (12) - (14) is
their weak dependence on the parameters of the emitters
γ and K (at γ3/2 < 1 and particularly when N ≫ 1).
The latter says that if γ3/2 ≪ N , the tunneling emitter
under consideration can be considered as an ideal.
One needs to stress that due to a decreasing voltage
dependence of the capture efficiency p, this dependence
provides an increasing pre-exponential extra factor in the
dark current-voltage relation given by equation (12) and
enhances its steepness.
Considering the equality of the electric fields in all lay-
ers except the emitter barrier layer [see equations (8) and
(9)] and using equations (13), the charge density of the
GL adjacent to the emitter GL Q1 = −(κ/4π)(E(dark)B −
EdarkE ) = QE is given by
QE ≃ κ
4π
(
γ3/2 − 1
γ3/2 +N
)
V
d
. (16)
Depending on the emitter GL doping (n- or p-type)),
which determines γ (γ < 1 and and γ > 1 in the n- and
p-type emitter GL, respectively ), the charge density QE
can be both negative (i.e., the electron density exceeds
the hole density) and positive (the hole density is larger
than the electron density), whereas the charge densities
of other inner GLs Qn = QB (n = 2, 3, ..., N) are equal
to zero.
The case γ < 1 when E
(dark)
E < E
(dark)
B and QE < 0,
corresponds to the potential in the GLIP heterostructure
profile schematically shown in figure 2(a).
Figure 3 shows examples of the normalized dark cur-
rent density jdark/Jmax versus the normalized voltage
U = V/(N + 1)dEtunn calculated using equation (11)
for the GLIPs with εF = 0.1 eV and different num-
ber of the inner GLs N for different parameters ∆ and
p. The comparison of the plots in figures 3(a) and 3(b)
confirms a weak dependence of the dark current on the
number of GLs N and a pronounced rise of the dark cur-
rent with decreasing capture efficiency p (particularly at
lower normalized voltages U). Higher dark currents at
smaller band-offsets ∆ are naturally attributed to tun-
neling emission strengthening from all the GLs with de-
creasing of the tunneling barrier height ∆.
As follows from equation (12) and figure 3, jdark dras-
tically decreases with decreasing voltage. However, at
small voltages, EdarkE can be so small that the tunnel-
ing exponent exp(−γ3/2Etunn/EdarkE ) becomes smaller
than the thermionic exponent exp(−γ∆/T ) [42]. This
implies that at such voltages, the tunneling injection
7from the emitter GL gives way to the thermionic emis-
sion. This determines the minimal value of V , at which
equations (11) - (13) are still valid: V > Vmin ≃
dEtunn(T/γ∆)(γ
3/2 + N). At V ∼ Vmin, jdark ∼
(j0/p) exp(−γ∆/T ). This implies that the dependences
shown in figure 3 are correct up to small values of U (at
U > 0.08− 0.12 for ∆ = (0.2− 0.4) eV)
V. PHOTORESPONSE
We limit our consideration of the GLIP operation pri-
marily by the situations when the incident IR radiation
is relatively weak.
In the case of irradiation, equations (9) and (10) should
be replaced by more general equations accounting for the
tunneling emission of both the thermalized and photoex-
cited electrons. Since the photoexcitation leads to the
variations of the electric fields in the barrier layers, equa-
tion (10) in this situation should be replaced by the fol-
lowing equation which governs the photocurrent density
jphoto = j − jdark:
V
dEtunn
=
γ3/2
ln[j0K/(jdark + jphoto − eβ Iθ0)]
+
N∑
n=1
1
ln[j0/(jdarkp+ jphotop− eβ Iθn)] , (17)
where θn is defined by equation (4) and jdark is governed
by equation (10) leading to equation (11) and its conse-
quences. At relatively low IR radiation intensities, such
as eβ I ≪ j0, the electron photoexcitation can be treated
as a perturbation. Considering this, into the quantities
θ0 and θn in equation (17) on can insert the unperturbed
values of the electric fields, namely, E
(dark)
E and E
dark
B .
As a result, for the photocurrent density jphoto from equa-
tion (17) we obtain
jphoto = eβ I
[
γ3/2 +
(1− β)[1 − (1− β)N ]
pβ
]
(
Θ2dark
γ3/2
+N
)
× 1
1 +
τesc
τrelax
exp
(
η3/2 Etunn
E
(dark)
B
) . (18)
Here Θdark = (E
(dark)
E /E
(dark)
B )
2 characterizes the GLIP
in dark. According to equations (8) and (9), Θdark is ex-
pressed via the dark current density and, invoking equa-
tion (12), via the voltage:
Θdark = γ
3
[
ln(Jmax/jdarkKp)
ln(Jmax/jdark)
]2
= γ3
[
1 +
V ln(1/Kp)
(γ3/2 +N)dEtunn
]2
. (19)
If Kp = 1 or at moderated voltages V < (γ3/2 +
N)dEtunn, one can put in equation (18) Θdark = γ
3,
so that one obtains
jphoto =
eβ I
(γ3/2 +N)
×
[
γ3/2 +
(1− β)[1 − (1− β)N ]
pβ
]
1 +
τesc
τrelax
exp
[
η3/2(γ3/2 +N) dEtunn
V
] (20)
The appearance of γ3/2 in equation (20) is associated
with the contribution of the photoexcitation from the
emitter GL. Since normally γ3/2p ≪ 1, for the GLIPs
with not too large GLs (N < β−1 ∼ 40), equation (20)
can be simplified and presented in the following form:
jphoto ≃
eβ I
p
N
(γ3/2 +N)
1 +
τesc
τrelax
exp
[
η3/2(γ3/2 +N) dEtunn
V
] . (21)
It is worth noting that the photocurrent density given
by equations (18), (20), and (21) exceeds the current cre-
ated by the electrons photoexcited from the emitter GL
by a factor p−1, which can be very large. This is be-
cause the photoemission from the inner GLs stimulates
a strong injection of the thermalized electrons from the
emitter GLs resulting in a substantial amplification of
the photocurrent.
Taking into account equation (20), one can find small
variations of the electric fields caused by the irradiation
in all barrier layers En −E(darkn ) as functions of the bias
voltage V and the radiation intensity I. In particular, the
electric field in the emitter barrier layer EE = E1 < E2
(as under the dark conditions). However, due to the at-
tenuation of the IR radiation as its propagates across the
GLIP structure, the electric-fields in the consequent GLs
slightly increase: E2 < E3, E3 < E4, ... (such a change is
proportional to the radiation intensity I, which is weak
in the case under consideration).
The photoexcitation leads to the variations of the elec-
tric fields in the barrier layers: an increase in EE and
in a decrease in EB. At sufficiently strong irradiation,
the electric field in the emitter barrier EE can become
larger than the electric field in the bulk EB . In this
case, the GL adjacent to the emitter GL is charged
positively, and the potential profile becomes similar to
that shown schematically in figure 2(b). An high ra-
diation intensities, the electric field in the heterostruc-
ture bulk drops, so that the potential drop across the
emitter layer tends to the applied voltage V . This im-
plies that EE tends to V/d. Consequently, the net cur-
rent density tend to a value which roughly can be es-
timated as j ≃ Jmax exp(−γ3/2dEtunn/V ) + eβ I[1 +
(τesc/τrelax exp(η dEtunn/V ))]
−1. However at very high
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radiation intensities, the GLIP operation might, in par-
ticular, be complicated by the following effects: the sat-
uration of the interband absorption [43], the influence of
elevated density of the photoexcited electrons on their
escape [23, 44], and the influence of the space-charge of
the electrons propagating across the barrier layers on the
electric-field distributions. These effects are beyond of
our model framework.
VI. RESPONSIVITY AND OTHER GLIP
CHARACTERISTICS
The detector responsivity R is usually defined as
R = Aj
photo
S
. (22)
Here A is the device area, S = AI~Ω is the incident IR
radiation power, and I is the incident IR radiation flux
(hence, I = I(1 − r), where r is the coefficient of the
IR radiation reflection from the GLIP top. Considering
this and using equation (21), we arrive at the following
formula for the GLIP responsivity:
R ≃ R
N
(γ3/2 +N)
1 +
τesc
τrelax
exp
[
η3/2(γ3/2 +N)dEtunn
V
] . (23)
Here R = Rξ, where
R = eπα
~Ω p
(24)
is the characteristic responsivity and the factor ξ = (1−
r)/
√
ǫ is determined by the conditions of reflection of the
incident IR radiation from the GLIP top interface (the
presence or absence of an anti-reflection coating) and its
propagation across the heterostructure. The reflection
from the substrate can also affect the value of ξ. In the
simplest case, the reflection factor ξ can be expressed via√
ǫ: ξ = 4/(
√
ǫ+ 1)2.
The deviation of the nominator in equation (23) from
unity reflects the dependence of the responsivity on the
emitter parameter γ3/2. This deviation practically van-
ishes at large N and γ3/2 < 1. In the latter limit, the
emitter can be considered as an ideal (i.e., providing the
necessary injection to compensate the photoexcitation
from the inner GLs [24, 30, 31]), and the GLIP responsiv-
ity is practically independent of N if the average electric
field V/Nd is fixed.
Since in GLIPs the coefficient πα is relatively large and
the capture efficiency p is relatively small (p ≃ 0.5% [28])
compered to the standard heterostructures, the char-
acteristic responsivity R can be fairly large. Indeed,
setting ~Ω = 0.1 − 1.0 eV and p = 0.01, we obtain
R ≃ (2.3− 23.0) A/W
Figures 4 and 5 show the responsivity, R (normalized
by the reflection factor ξ) spectral characteristics of the
GLIPs with different band offsets ∆, number of the bar-
rier layers N , normalized voltages U = V/(N+1)dEtunn,
capture efficiency p, and τesc/τrelax. In these and the
next figure it is assumed that the electron Fermi energy
in the emitter GL εF = 0.1 eV. Figure 6 shows the re-
sponsivity R as a function of the normalized voltage cal-
culated for the GLIPs with different ∆.
Among the main features of the responsivity spectral
dependence, the following should be pointed out: (a)
Weak dependence of the spectral characteristics on thee
number of the GLs N ; (b) An increase in the responsivity
9with decreasing capture efficiency p; (c) A marked shift of
the responsivity maximum toward larger photon energies
with increasing the band-offset ∆, normalized voltage U ,
and relative escape time τesc/τrelax; (d) The responsiv-
ity maxima correspond to the photon energies markedly
smaller than ~Ω = 2∆, so that the GLIPs can exhibit rel-
atively high response at ~Ω < 2∆. A fairly pronounced
dependence of R on U (i.e., the applied voltage) implies
the possibility of an effective voltage control
It is important to stress that at small values of the cap-
ture parameter p, the photocurrent can markedly exceed
the current created solely by the electrons photoemit-
ted from the GLs due to the effect of photoelectric gain,
which implies that the electron photoemission stimulates
much stronger tunneling emission from the emitter.
Taking into account that the net photoemission rate
from all GLs is equal to
Gphoto ≃ Nβ I
1 +
τesc
τrelax
exp
[
η3/2(γ3/2 +N)dEtunn
V
] , (25)
the photocurrent density (21) )can be presented as
jphoto = eGphotogI, (26)
where
g =
1
p(γ3/2 +N)
(27)
is the photoelectric gain. Due to small values of p in
GLIPs, g ≫ 1 even at fairly large (but realistic) N .
The dark current limited detector detectivity, D∗, and
its normalized version D∗ = D∗/ξ are expressed via the
responsivity and the dark current density as (for exam-
ple, [24]):
D∗ = R√
4egjdark
, D∗ =
R√
4egjdark
. (28)
Here for jdark, R, and G one can use equations (12),
(23), and (25), respectively. Considering this, we find (at
N < β−1)
D∗ = D∗
N√
(γ3/2 +N)
×
exp
[
(γ3/2 +N)dEtunn
2V
]
1 +
τesc
τrelax
exp
(
Nη3/2dEtunn
V
) (29)
Here
D∗ =
eβ
~Ω
√
4ej0 (Kp)
γ3/2/(γ3/2+N)
. (30)
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Equation (29) immediately shows that the GLIP de-
tectivity increases with the increasing number of the in-
ner GLs N , while the responsivity (see equation (23))
is a weak funcion of N . Indeed, at large N , D∗ ∝
N√
(γ3/2 +N)
≃
√
N , but R is virtually independent of
N . Some deviation from the latter is associated with
the emitter effect (characterized by γ3/2). The spectral
dependence of D∗ repeats that of R (see figures 4 and 5).
The detectivity D∗ markedly increases with the de-
creasing voltage V . This is owing to the pertinent drop
of the dark current. However, since at small values of V ,
the tunneling current from the emitter GL can become
smaller than the thermionic current, substituting Vmin
(see above) to equation (30), we obtain the following es-
timate for the maximum of D∗:
D∗max ≃
D∗ exp
(
γ∆
2T
)
1 +
τesc
τrelax
exp
[
N
(γ3/2 +N)
η3/2γ∆
T
] . (31)
At ~Ω ≃ 2∆, the parameter η can be small. In this case,
equation (31) yields
D∗max ≃
D∗ exp(γ~Ω/T )
(1 + τesc/τrelax)
∝ β exp(γ~Ω/T )
~Ω(1 + τesc/τrelax)
. (32)
VII. COMPARISON WITH OTHER IR
PHOTODETECTORS
The comparison of GLIPs and QWIPs (based, in par-
ticular, on InGaAs/AlGaAs and other heterostructures
with the n-type QWs) intended for the operation in mid-
and near IR ranges, shows that GLIPs can exhibit the fol-
lowing advantages: (i) sensitivity to normally incident ra-
diation (no radiations coupling structures are needed; (ii)
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higher probability of the photo-assisted escape from the
GL bound states to the continuum states above the barri-
ers due to a relatively large universal constant π e2/~ c ≃
2.3%. (compare with β ∼ 0.5% for a GaAs QW with the
typical electron density ∼ 5 × 1011 cm−2 [24]); smaller
capture efficiency of the electrons propagating over the
barriers the into the GLs (up to the orders of magnitude
- compare the data from [28] and [30]). These advan-
tages imply that the GLIP responsivity can exceed that
of QWIPs. Since the modulation bandwidths of both
GLIP and QWIPs is determined by the vertical electron
transport across the barrier layers, one might assume
that these bandwidths are can close to each other.
As follows from equation (21) and equation (4)
from [8], the responsivity, R, of a GLIP and the respon-
sivity, RGLPD of a lateral GL-photodiode (GLPD) with
a lateral p-i-n junction , are (at τesc ≪ τrelax) approxi-
mately equal to
R ≃ eβ
~Ω p
, RGLPD ≃ 2eβ N
~Ω
, (33)
respectively. Hence,
R
RGLPD
≃ 1
2pN
. (34)
Since, the capture efficiency p can be very small, the
above ratio can exceed unity.
Since the electron transit time in the GLIPs (which
are vertical transport devices)) can be shorter than in
the GLPDs (with the lateral transport), the GLIPs can
surpass the GLPDs in speed.
In the double-GL GLIPs [22, 23] and the UTC-PDs
based on InAs/InP heterostructures [45, 46], the elec-
trons photoexcited in the emitter transfer (via the tun-
neling through the triangular barrier) to the undoped
drift region. In contrast to the double-GL GLIPs and
UTC-PDs, in which the responsivity is determined by
the escape of the electrons photogenerated in the emitter
layer, the GLIPs can exhibit the effect of amplification
of the current produced the electrons photoexcited from
the inner GLs. This effect in the GLIPs works at a weak
electron capture into the inner GLs, i.e., if p≪ 1, but at
moderate modulation frequencies. The GLIP, double-GL
GLIP, and UTC-PD response at relatively high modula-
tion frequency is affected by the electron transit across
this region. One can assume that the electron transit
time in UTC-PDs can be somewhat shorter than in the
GLIPs because of better transport properties of the drift
region materials in the former devices. However, the de-
lay in the escape of the photoexcited electrons from the
emitter limited by their diffusion (or in the best case, by
the drift in the built-in electric field) across the heavily
doped emitter layer, can be the main factor limiting the
UTC-PD modulation bandwidths. This implies that the
GLIPs (without such a delay in the emitter GL) can ex-
hibit a high-speed performance close to that of the UTC-
PDs and, hence, compete with the latter.
Similar IR photodetectors can be based on the HgCdTe
heterostructures with multiple zero-gap QWs, although
the specifics of these heterostructures requires a separate
study.
VIII. CONCLUSIONS
We proposed the GLIPs - infrared photodetectors
based on vdW hetereostructures with GLs serving as the
emitter, collector and absorbing layers. The GLIPs ex-
ploit the interband electron transitions between the va-
lence band in the GLs and the continuum states in the
conduction band of the barrier materials. The GLIPs
should be able to operate in different ranges of the IR
spectrum depending on the values of the conduction band
offset between the GL and the barrier layer material. We
showed that due to small capture probability of the ex-
cited electrons into the GLs together with a relatively
strong interband photon absorption, the GLIPs can ex-
hibit elevated photoelectric gain and responsivity. An
increase in the number of GLs in the GLIP heterostruc-
ture can provide relatively high values of the GLIP de-
tectivity. Among other GLIP advantages are highly con-
ducting transparent contact GL layer, sensitivity to nor-
mally incident radiation and high speed operation. The
GLIPs, which add the diversity to the IR and THz de-
tector technology, can surpass other already realized and
newly proposed photodetectors for the imaging and op-
tical communication systems and THz photomixers.
Appendix
A1. Escape frequency and relaxation time
The tunneling rates of the thermalized and pho-
toexcited electrons depends on the electric field, E,
at the GL. In equation (4) we set the escape fre-
quency equal to νesc = exp(−Etunn/E)/τesc and νesc =
exp(−η3/2Etunn/E)/τesc for the thermalized and pho-
toexcited electrons respectively. Thus, it was assumed
that νesc is an exponential function of η
3/2Etunn/E.
For more accurate calculations of the escape frequency
νesc as a function of the quantity η we found the
Schrodinger equation solutions with the complex energy
for GLs embedded in a dielectric in the transverse elec-
tric field. The GL potential was modeled by a one-
dimensional delta-well [26]: U(z) = δ(z)~2/2ml(p),
where δ(z) is the Dirac delta-function and l(p) =
~/2
√
2m(∆− pvW ) is the electron wave function local-
ization length. This quantity depends on the in-plane
electron momentum due to the mismatch of dispersion
laws in the GL and the barrier layer [23, 47]. Figure 7
shows the νesc vs η dependences calculated for differ-
ent values of electric field E using the above approach.
The related dependences calculated using the above sim-
plified formula are also shown by dashed lines for the
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≃ τ−1ee
associated with the scattering on the thermalized electrons
(and holes) for the undoped and doped GLs (εF = 0 meV
and (εF = 100 meV, respectively) at T = 300 K.
material parameters corresponding to WS2 barrier layers
(∆ = 0.4 eV, m = 0.28m0, and Etunn = 910 V/µm).
At small η the fit is not so ideal but can be considered
as reasonable somewhat affecting the shape of the GLIP
spectral characteristics only at ~Ω ≃ 2∆.
The inverse relaxation time assumed to be primar-
ily determined by the electron-electron scattering, so
1/τrelax = 1/τee as functions of η in the undoped GLs
(εF = 0) and doped emitter GL (εF = 100 meV) at
κ = 5 and T = 300 K are GLs shown in figure 7 by the
dotted lines. These curves were obtained by calculating
the imaginary part of the electron RPA self-energy [44].
As follows from figure 7, in the most interesting actual
range of η < 0.2 − 0.3 the order-of magnitude estimates
yields τrelax ∼ 3 × 10−14 s and τrelax,E ∼ 5 × 10−14.
The latter characteristic times are markedly smaller that
the characteristic time of the spontaneous emission of
optical phonons τ0 for both the intraband and inter-
band electron transitions. Thus, for GLIPs with WS2
barriers one can arrive at the following rough estimate:
τesc/τrelax ∼ 0.10− 0.17.
A2. Field-dependence of the capture efficiency
Neglecting above the local dependence of the capture
parameter, we found that the electric field distribution
across the device structure includes a low-field domain (in
the near emitter barrier) with E1 = EE and a high=field
domain occupying the rest of the structure (bulk) where
En = EB (see equations (8) and (9). However, if pn
depends on En−1, the near emitter domain might be ex-
tended to a few barriers [29].
It is worth mention that if the capture efficiency pn
is a sufficiently strong function of En−1, the monotonic
electric-field spatial distributions can become unstable
against the perturbation with the length 2d [36–38]. Such
an instability can lead to quasi-chaotic spatio-temporal
electric field variations, which eventually result in the
formation of stable quasi-periodic electric-field distribu-
tions [48].
A3. Field-induced electrons in the emitter GL
The electric field in the emitter barrier induces extra
electrons in the emitter GL and, hence, leads to an en-
hancement in the electron Fermi level or the hole Fermi
level if this GL is donor or acceptor doped, respectively.
As a result, the parameter γ3/2 can markedly depend on
EE (decreasing with increasing EE) somewhat affecting
the current-voltage characteristics. Considering this ef-
fect, we find
εF,E = εF
√
(1 + EE/Eind), (35)
Eind = 4eε
2
F/κ~
2v2W . Hence
γ
3/2
E =
[
∆E − εF
√
(1 + EE/Eind
∆
]3/2
. (36)
Setting εF = 0.2 eV and κ = 5, one obtains Eind ≃
1.18× 102 V/µm.
If EE ≪ Eind, γ3/2E ≃ γ3/2(1−3EE/Eind). In this case,
exp(−γ3/2E Etunn/EE) ≃ K exp(−γ3/2Etunn/EE), where
K = exp
(
3γ
3/2
0 εFEtunn
4(∆E − εF )Eind
)
= exp
[√
2m(∆E − εF )
4εF
κ~ v2W
e2
]
> 1. (37)
At (∆E − εF ) = 0.2 − 0.3eV, εF = 0.1 − 0.2 eV, m =
0.28m0, and κ = 5 one obtains K ≃ 9− 14.
Thus, at not too large voltages and emitter electric
fields, the injection (from the contact) of the extra elec-
trons in the emitter GL does not affect the shape of the
current-voltage characteristics, but leads to a replace-
ment of the quantity j0 by j0K. If the emitter barrier
layer has the thickness dE different from d, equation (6)
should be modified.
A4. Carrier heating in the emitter GL
The IR irradiation can somewhat reinforce the
thermionic electron emission from the emitter GL due
to heating high-density 2D electron plasma in the doped
emitter GL (see [21–23]; this effect was disregarded in
Section 5). The electron photoexcitation can lead to a
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heating of the carriers in the emitter GL slightly mod-
ifying the injection properties of the emitter. However,
in the regimes considered above, the emitter properties
weakly affect the GLIP characteristics, particularly, for
the multiple GL devices (N ≫ 1). This mechanism
as well as the photoemission from the emitter GL can
be crucial for the double-GL GLIPs without the inner
GLs (i.e., with N=0) [22, 23]. The operation principle of
the double-GL GLIPs is similar to that used in the uni-
travelling-carrier photodiodes (UTC-PDs) [46, 47]. But
such GLIPs, being potentially interesting, do not exhibit
the effect of photoelectric gain, which can substantially
increase the responsivity.
The bolometric mechanism associated with the elec-
tron heating due to the Drude absorption can be efficient
at the relatively low radiation frequencies in the GL de-
vices with all of the GLs doped [21] (not considered
here).
A.5 Dynamic response
The evaluation of the GLIP dynamic response to tran-
sient IR radiation requires a substantial generalization of
our model. It will be done elsewhere. Here we refrain to
a qualitative reasoning. The dynamic operation of the
GLIPs under consideration is determined by following
characteristic times: the electron transit time across the
GLIP ttrans, the time of the GLs charging by the injected
current due to the electron capture tcharge and the time
of emptying of the GLs by the electron photoexcitation
from the GLs tex.
The transit time can be estimated as ttrans ≃ (N +
1)d/ < v >, where < v > is the average electron veloc-
ity across the barrier layers. The latter can be set to be
equal to the electron saturation velocity vs. The charac-
teristic times tcharge and tex decrease with an increasing
dc component of the incident IR radiation intensity. At
small capture parameters, even at fairly strong irradia-
tion, tcharge, tex ≫ ttransit.
At the modulation frequencies of the incident IR radi-
ation ω < 1/tcharge, 1/tex, the GLIP responsivity is well
described by the above formulas [e.g., by equation (28)].
In this modulation frequency range, the responsivity is
about R ∼ R = (eβ/~Ω p) ∝ 1/p and virtually inde-
pendent of the number of the GLs N . However, in the
range 1/tcharge, 1/tex < ω < 1/ttrans, the electron cap-
ture does not manage to provide the GL recharging. As a
result, the electric field EE and the current injected from
the emitter GL do not follow the temporal variations of
the IR radiation. This implies that the mechanism of
the photoelectric gain is effectively switch-off. This leads
to smaller values of the responsivity, which dependence
on both p and N is rather complex. At higher modula-
tion frequencies ω > 1/τtrans, the responsivity markedly
drops with increasing frequency ω. The electron tran-
sit time ttrans limits the GLIP modulation bandwidths.
Setting vs ∼ 107 cm/s and (N + 1)d = 10 − 50 nm, we
obtain f3dB ∼ 0.3 − 1.5 THz. The effect of the struc-
tural parameters on the dependences of the responsivity
of single- and multiple-QWIPs on the radiation modu-
lation frequency was studied previously [49, 50]. How-
ever, the results of these studies can not be directly ap-
plied to GLIPs. Recent experimental studies of the high-
speed operation of the photodetectors based on double-
GL vdW heterostructures with the interband photoexci-
tation [51] appears to be fairly promising.
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